This work describes the preparation of a selenium-modified TiO2 photocatalyst and a preliminary evaluation of its photocatalytic activity. Se-TiO2 displayed greater visible absorption than undoped TiO2 and was still capable of degrading quinoline at a slightly faster rate than undoped TiO2 under UV light. Se-TiO2 was also able to degrade organic molecules under purely visible light by a single electron transfer pathway. Irradiation with >435 nm light showed no evidence of efficient production of HO•-like species. Se-TiO2 was also examined under hypoxic conditions, where the Se atoms were capable of trapping photogenerated electrons as evidenced by XPS. This work describes the preparation of a selenium-modified TiO 2 photocatalyst and a preliminary evaluation of its photocatalytic activity. Se-TiO 2 displayed greater visible absorption than undoped TiO 2 and was still capable of degrading quinoline at a slightly faster rate than undoped TiO 2 under UV light. Se-TiO 2 was also able to degrade organic molecules under purely visible light by a single electron transfer pathway. Irradiation with >435 nm light showed no evidence of efficient production of HO•-like species. Se-TiO 2 was also examined under hypoxic conditions, where the Se atoms were capable of trapping photogenerated electrons as evidenced by XPS.
Introduction
Titanium dioxide is a popular photocatalyst for air and water remediation as a result of several attractive properties, including its low toxicity, low cost, high thermal stability, and wide applicability. With exposure to UV radiation and O 2 , TiO 2 degrades most organic compounds to CO 2 , H 2 O, and appropriate inorganic ions.
1-7 However, pristine TiO 2 has a low quantum yield for generating the oxidative species responsible for degradation. In addition, anatase and rutile, the most commonly employed phases of TiO 2 , absorb only a few percent of the solar spectrum due to their near-UV absorption cutoffs. Therefore, it has been an important goal to improve upon pristine TiO 2 through modifications that prevent recombination of photogenerated holes and electrons and/or extend absorbance beyond 400 nm. [8] [9] [10] [11] Researchers have used several approaches to improve TiO 2 photocatalysts. One method has been to modify TiO 2 with metal doping or deposition.
8,11-17 Transition metal doping was found to extend absorbance into the visible region, but the metal often acted as a recombination center, reducing photonic efficiency. Noble metals can be used to modify TiO 2 when deposited as small pools on the surface of the particle. Even selenium metal has been photodeposited onto the surface of commercial TiO 2 catalysts. 18, 19 Of these, Pt was perhaps the most promising: it was effective in suppressing charge recombination by providing an efficient electron trap, but was not cost-effective for commercial use because the metal itself was oxidized by air leading to catalyst deactivation. 8, 20, 21 Though no revolutionarily improved catalysts have been reported, several materials have been developed using this general strategy, either co-doped or modified with proficient electron-trapping metals, such as Fe, Cu, Ag, and Pt. [22] [23] [24] [25] Main group elements have been a recent focus for TiO 2 modification, and several methods to prepare titania doped with nitrogen, sulfur, and carbon have been published. [9] [10] [11] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Visiblelight sensitivity can be a result of localized states within the band gap and induced oxygen vacancies (Ti 3þ states). 26, 31 In general, these photocatalysts have shown appreciable visible-light absorbance and some visible-light-induced photocatalytic activity. However, when checked carefully, several reports have demonstrated lower photonic efficiencies under UV radiation and wavelength-dependent chemistry, 28, [36] [37] [38] though a recent report on N-F doped TiO 2 *wsjenks@iastate.edu.
(1) Pichat shows that it retains UV activity. 39 Therefore, careful consideration is essential for choosing applications for N-, S-, or C-doped TiO 2 .
Larger main group elements with flexible oxidation states can potentially provide a center capable of trapping electrons, as in the metal-doped cases. For example, TiO 2 modified by either iodine doping or I 2 encapsulation has demonstrated interesting electronic properties. [40] [41] [42] Modification with selenium has not been widely studied, but Zhang et al. have prepared an SeO 2 /TiO 2 composite that demonstrated redox chemistry. 43 Their material initially introduced an undesirable blue shift in the absorption spectrum, but after chemical reduction to convert some of the SeO 2 centers to Se 0 sites, a significant red shift occurred. Brief photocatalytic studies showed that certain organic dyes were decolorized, though no further mechanistic or wavelength-dependence investigations were reported.
In this paper, we report a Se-doped titania that shows different properties than the SeO 2 /TiO 2 composite prepared by Zhang et al. 43, 44 The new photocatalyst exhibits an initial blue shift in absorption relative to pristine TiO 2 , but simple calcination with no other chemical modification induces a modest red shift in absorption and an additional tail absorption into the visible. This Se-TiO 2 exhibits unique oxidative chemistry for selected organic molecules, chosen for their value as mechanistic probes. Photocatalysis studies in oxygen-rich and oxygen-deficient environments demonstrate that one role of the Se dopant is to act as an electron trap.
Experimental Section
Chemicals. Chemicals, ordered at the highest commercially available purity, were used as received. Water was purified to a resistivity above 18 MΩ/cm. 1-(p-Anisyl)neopentan-1-ol (AN) was prepared as reported.
45
Photocatalyst Preparation. Se-TiO 2 was prepared by adapting a literature procedure, substituting SeO 2 for thiourea. 46 SeO 2 (1 equiv) was dissolved in 90% ethanol. To this, 2 equiv of titanium (IV) tetraisopropoxide was added dropwise with vigorous stirring. The resulting suspension containing a white precipitate was stirred for 3 h, followed by standing for 20 h to allow for hydrolysis of the Ti precursor. The mixture was evaporated under reduced pressure leaving a white solid powder, which was then annealed in a quartz tube for 4 h at 450°C under air. The catalyst was rinsed with water several times and dried. A beige solid was obtained. Undoped TiO 2 was prepared using a similar procedure without the selenium source. 29 Using the Se-TiO 2 obtained as described above, it was found that small amounts Se could be detected by ICP-MS in aqueous phase after photocatalytic degradations had been carried out. This was attributed to the hydrolysis of surface-bound Se species. Therefore, more vigorous efforts were made to ensure that the photocatalyst could be sufficiently cleaned so that no selenium leaching occurred. Thus, annealed and rinsed Se-TiO 2 was additionally refluxed in Millipore water for 4 h, followed by careful filtration and rinsing. The filtrate was collected for analysis and the photocatalyst was subjected to three more identical reflux cycles. Analysis of solutions determined that no more selenium (detection limit of 7.9 ppb) was transferred to solution after one reflux cycle. A quadrupole ICP-MS device was used for all analyses performed. 84 Kr þ was monitored in order to account for potential isobaric interference of Kr with the measurement of 78 Se þ . Analyses were done by employing either a standard addition or internal standard method using a Se or As standard, respectively. Results for each sample were reported from the background-subtracted integrated average peak intensities from at least 16 consecutive scans.
Careful control experiments using quinoline (Q) at pH 3 and pH 6 showed that there was not a significant difference between the thoroughly refluxed and washed Se-TiO 2 catalysts, either for degradation rates or for product distributions.
Physical Characterization. Powder X-ray diffraction (XRD) spectra were taken with a diffractometer employing Cu K R radiation. Particle sizes for the undoped samples were reported previously 47 using microscopy and the Brunauer-Emmett-Teller (BET) method, confirmed by XRD peak shape analysis using the Scherrer equation. The XRD peak shapes showed the particle sizes to be approximately constant for all catalysts reported here, approximately 9 nm.
X-ray photoelectron spectroscopy (XPS) was done using a multitechnique spectrometer utilizing non-monochromatized Al or Mg KR radiation with a 1 mm 2 sampling area. The takeoff angle was fixed at 45°. As noted, etching with Ar þ was sometimes performed before obtaining a measurement.
Diffuse reflectance spectra were obtained with a UV/vis spectrophotometer equipped with a diffuse reflectance attachment with MgO as a reference. Point of zero charge estimates (PZC) were carried out by mass titration methods as described by Vakros et al.
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Degradations. UV and visible photolyses under O 2 were conducted as described in previous reports.
47,49-52 Briefly, initial concentrations were 150 μM Q or 300 μM anisyl neopentanol (AN) in suspensions that contained 1.00 g/L catalyst. The pH was regulated by careful addition of aqueous HNO 3 (pH 3) or NaOH (pH 6). Unless otherwise noted, degradations were carried out to low conversion (<20%) under conditions of O 2 saturation. Both UV and visible light sources were used. These consisted of an illuminator using fluorescent tubes with broad spectra centered at 350 nm and a 75 W Xe lamp equipped with long-pass wavelength filters with 50% transmittance at the stated wavelengths (435 or 490 nm) and a water filter (to absorb excess IR). In both cases, fans were used to keep irradiations at ambient temperature.
Certain photolyses were carried out in an O 2 -deficient atmosphere. These samples initially were purged with argon prior to and during irradiations. This was used as a gauge for experiment length. Repeated reactions were found to have undesirable product variability, attributed to residual O 2 . To minimize this by better removal of O 2 , solutions were purged with argon and the headspace above the solution was pumped to 300 mTorr. The purge/pump cycles were done at least three times, and the solution was photolyzed under vacuum. In this case, only initial and end points were sampled to determine conversion and intermediate products produced. Under evacuated conditions, percent conversions were also reproducible within 5% error. Reactions were monitored and analyzed by HPLC or GCMS as reported earlier. 
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In order to obtain physical evidence of changes in the oxidation state of the dopant brought about during photolysis under hypoxic conditions, samples of the postphotolysis catalyst were prepared using quinoline as a probe molecule under O 2 -deficient conditions. The solution was not acidified during workup (as is the normal practice) to avoid sulfate contamination, because sulfate overlaps the Se 3p peak in the XP spectrum. To isolate the catalyst, the suspension was transferred under argon to a round-bottom flask with two necks, one with a standard ground glass joint with a septum and one containing a stopcock and hose barb. The solution was kept under argon, frozen, and lyophilized. The remaining solid was plated for XPS in a glovebox.
Results
Photocatalyst Characterization. X-ray powder diffraction revealed that Se-TiO 2 and undoped TiO 2 were predominantly anatase after annealing (Figure 1a) . Diffuse reflectance UV-vis spectroscopy showed that a blue shift in the absorption occurs in the preannealed sample (relative to annealed, undoped TiO 2 ). However, annealed Se-TiO 2 , which is visibly beige, exhibits a modest tail extending into the visible region (Figure 1b) . X-ray photoelectron spectroscopy (XPS) confirmed the presence of Se, which appeared to be incorporated in the Se 4þ oxidation state, the same as SeO 2 (Figure 1c,d) . The Se 3p peak was used for quantification because the Se 3d peak overlaps the Ti 3s peak. By this method, the annealed and rinsed Se-TiO 2 was found to contain nearly 4 at % Se. . 53 The observed total at % of Se was reduced to 2.5%.
In separate experiments, the annealed, rinsed-only samples (i.e., starting at 4 at % Se) were subjected to exhaustive hydrolysis in refluxing water, and the solvent was found to contain Se by ICP-MS. Three subsequent refluxing hydrolyses were carried out; in none of these subsequent mother liquors was any Se detected. The material resulting from this exhaustive hydrolysis was then subjected to XPS analysis and showed 2% Se, also in the þ4 oxidation state as before. As both the hydrolysis and Ar þ -etching preferentially remove selenium at or very near the surface, it may be concluded that the bulk doping load is closer to the 2-2.5% range than to the 4% range obtained without either of these processes.
The point of zero charge was found to be at a pH of ∼3.5 compared to a value for Degussa P25 of 4.5 obtained by the same method.
Photocatalytic Degradations under Oxygen-Rich Conditions. Control dark experiments showed that the probe molecules were thermally stable to the reaction conditions. Experimental irradiations used either (a) the pure UV light from fluorescent bulbs centered around 350 nm or (b) the exclusively visible light obtained from a Xe arc lamp equipped with long-pass cutoff filter (435 or 495 nm) and a water filter to remove excessive IR. In order to gain a semiquantitative comparison, ferrioxalate actinometry was done to normalize light source intensities. 54, 55 Ferrioxalate is sensitive throughout the full range of wavelengths used here, and thus was considered an "integrated standard" for the full spectrum irradiated onto the sample by either the visible light source or the UV source. The actinometry solutions were sufficiently concentrated to absorb essentially all light hitting the sample and identical vessels to those used in the other measurements were used. In this way, a total photon count comparison could be made between the two light sources, though the wavelength distribution was very different.
Rates of Degradation. The initial zero-order rates of loss of both probe molecules under O 2 -rich conditions are displayed on a logarithmic scale for both Se-TiO 2 and undoped TiO 2 in Figure 2 . 56, 47 It should be noted that, while the data are ratenormalized for the total light flux onto the samples, even the doped sample absorbs only a relatively small fraction of the visible light (Figure 1) . Thus, the relative quantum efficiency for Se-TiO 2 in visible light is at least an order of magnitude higher than the rate data would make it appear.
Under UV light, Se-TiO 2 degraded Q at a slightly faster rate than did undoped TiO 2 at both pH 3 and pH 6. However, the rate of loss of AN with Se-TiO 2 as the photocatalyst is roughly 3 times slower than TiO 2 .
Photolyses with Se-TiO 2 carried out using wavelengths longer than 495 nm showed insignificant degradation of the probe molecules, comparable to dark control reactions. An appreciable loss of both AN and Q at pH 6 is seen under >435 nm light with Se-TiO 2 where some light absorbance by the catalyst is expected. No significant reduction of Q is observed at pH 3 using >435 nm irradiation of Se-TiO 2 . Undoped TiO 2 with >435 nm irradiation was no more effective in removing any of the probe molecules than the dark control reactions.
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Initial Degradation Products from Q Degradations. Previous results using quinoline as a probe molecule have shown that single electron transfer (SET) chemistry (identified as functionalization primarily of the pyridine moiety) is the dominant photocatalytic oxidation pathway at pH 6, while hydroxyl chemistry (identified as functionalization of the benzene moiety) is favored at pH 3 (Scheme 1a).
29,58-60 Despite modest mass balances, selfconsistent and interpretable results have been obtained consistently. Cermenati et al. found that addition of a hydroxyl radical occurs preferentially at the 5-and 8-positions of the electron-rich benzene moiety of quinolinium (QH þ , favored at pH 3) to yield 5-hydroxyquinoline (5HQ) and 8-hydroxyquinoline (8HQ), while SET is favored at the electron-deficient pyridine ring of neutral quinoline (dominant at pH 6), leading to 2-quinolinone (2HQ), 4-quinolinone (4HQ), and 2-aminobenzaldehyde (2AB).
58-60
Computations carried out by Wiest support experimental findings of hydroxylation patterns. 61 Figure 3 shows the distribution of observed products at 20% and 50% conversion. 62 The observed intermediate products in Se-TiO 2 photocatalysis of quinoline at both pH 3 and 6 under UV light were predominantly HO•-like products. This result contrasts with the degradations of Q at pH 6 using either undoped TiO 2 or S-TiO 2 . Using either of these two latter catalysts, the SET products strongly predominated.
With visible light (>435 nm) irradiation of Se-TiO 2 , degradations at pH 6 led to substantial degradation, but those at pH 3 did not. Product analysis shows that SET products dominate, and in comparison to the UV radiation results, the hydroxyl-like pathway was essentially shut down. Using irradiation of wavelengths >495 nm, no measurable degradation occurred at either pH 6 or 3. under UV or visible light (λ > 435 nm) on a logarithmic scale. The rate of loss using >435 nm irradiation and undoped TiO 2 was below detectable limits, as was degradation of quinoline at pH 3 using >435 nm irradiation and either catalyst. (56) The behavior of the undoped catalyst is compared to that of Degussa P25 in the accompanying reference.
(57) As seen in Figure 1b , undoped TiO2 does not absorb light with wavelengths longer than ∼400 nm. (62) Data for 50% conversion of Q at pH 6 mediated by Se-TiO2 is not shown because this extent of degradation was not reached within the 48 h photolysis.
Intermediate Product Analysis from AN Degradations. AN also gives initial degradation products that are diagnostic of catalyst mechanism. Ranchella et al. originally reported that SET chemistry occurs primarily on the side chain, while HO•-like chemistry typically takes place at the benzene ring (Scheme 1b).
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Using P25, Hathway and Jenks reported that hydroxyl-like reactivity is dominant at pH 8.5, where intermediates are most easily observed. 45 The results of UV photolysis at pH 8.5 reported here are in order with this finding, as the SET/HO• product ratio was found to be 2:5 for Se-TiO 2 -mediated degradation, quite similar to undoped catalyst. In contrast, visible excitation of Se-TiO 2 resulted in exclusively SET products, while visible excitation of undoped TiO 2 does not degrade AN.
Photocatalytic Degradations under Oxygen-Deficient Conditions. Without O 2 in solution to trap electrons and divert them from electron-hole recombination, the quantum efficiency of photocatalytic degradation is normally greatly reduced. Reactions may not totally cease, but O 2 is also the stoichiometric oxidant, so no net oxidation can occur. External additives can act as electron sinks, but dopant centers can provide a finite reservoir for trapped electrons. The Se substitutions, if functional as an electron acceptor, could slow the recombination pathway and preserve some degree of photocatalytic functionality in hypoxic conditions.
Quinoline Degradation. To avoid unacceptably high variation in product distributions due to small amounts of residual oxygen when Ar-flushing was the only deoxygenation technique, reactions were degassed by three cycles of purging with argon and pumping away the headspace atmosphere above the suspensions. Irradiations were done using broadly emitting 350 nm fluorescent lamps. 64 Since the reaction was carried out under vacuum, only initial and final samples were taken for analysis to avoid introducing more adventitious oxygen. At pH 3, Se-TiO 2 and TiO 2 degraded 14% and 15% of the initial quinoline after 4 h, respectively. At pH 6, Se-TiO 2 showed 35% loss of Q, while TiO 2 led to only 7% loss of Q after 4 h of photolysis. Very careful photolyses using only Ar purging to remove O 2 were carried out so the loss of quinoline could be monitored over time as shown in Figure 4 . The curve shows an initial period of comparatively rapid degradation, followed by an apparently asymptotic region in which degradation is much slower (and comparable to undoped TiO) 2 . We presume adventitious O 2 and/or other electron-accepting impurities contribute to the much slower residual degradations that occur with the other catalysts and after this initial period of effectiveness of Se-TiO 2 . Figure 5 shows the intermediate products formed under these hypoxic conditions. The mass balances are comparable, but somewhat better, for the Se-TiO 2 cases. By far, the greatest degradation and product observation comes with Se-TiO 2 at pH 6; both SET and HO•-like products are observed, with the latter in greater proportion than undoped TiO 2 . This is similar to what is observed in the presence of O 2 , save that 2AB was not detected.
Photocatalyst Changes. Physical changes that occurred over the photolysis provided further evidence for the reduction of Se centers by trapped electrons. Over the course of the irradiation, the Se-TiO 2 visibly darkened, in contrast to the behavior of undoped catalyst. The Se-TiO 2 was also examined by XPS after irradiation to obtain direct evidence for any changes to the oxidation state of selenium. The XP spectrum obtained after photolysis that shows the appearance of a reduced Se species after exposure to the photocatalytic conditions ( Figure 6 ). Only the Se 4þ was seen in material prior to irradiation in both refluxed and raw, washed samples. In addition, after exposure to ambient air for 24 h, the reduced Se 0 species was partially reoxidized, as indicated by the XP spectrum.
Discussion
Physical Properties. Selenium dioxide was selected as a selenium precursor because of its commercial availability, its known reactivity, (e.g., use as an oxidant in synthesis), and potential to be incorporated into TiO 2 . In the presence of water, selenium dioxide is readily hydrated and produces selenous acid (H 2 SeO 3 ) and could be integrated into a growing TiO 2 lattice as Ti-OSe-O linkages. However, the amorphous powder obtained after the sol-gel process was white and displayed a blue shift relative to anatase TiO 2 in the diffuse reflectance spectrum shown in Figure 1b , as reported in analogous cases. 65 This may be due to the small particle size before annealing, but this was not investigated further. After annealing, a beige powder was produced, characterized by a slight red shift of the main band and an extended tail into the visible. The extended absorption by Se-TiO 2 is obviously advantageous, though its visible absorption remains concentrated at the blue end of the visible range.
The inclusion of Se into the TiO 2 catalyst is clearly causal of the visible absorption in a broad sense, but we do not have direct evidence of the detailed mechanism. The darkening of the sample on irradiation in the absence of O 2 , coupled with the XPS observation of the Se 0 , is suggestive that the absorption is due to orbitals directly associated with Se, but not conclusive. A recent computational study using DFT methods suggests that, under these oxygen-rich and equilibrating synthetic conditions, Se-forTi substitution is the expected structural motif. 66 According to this work, the extended absorption is due to localized midgap orbitals corresponding to Se 4s states (for cationic Se) or Se 4p states (for anionic Se) and absorption shifts to longer wavelengths with lower oxidation states of Se. 66 However, we do not have any specific evidence that rules out oxygen vacancies as an explanation for the extended absorbance, 67 as long as a mechanism for intensifying that absorbance by photolysis under hypoxic conditions can be postulated. Finally, it should be noted that, while the XPS data rule out domains of Se 0 deposits as the mode of doping, we cannot explicitly exclude small segregated microdomains of selenium oxides within the particle, as opposed to randomly distributed Se-for Ti substitution.
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The XP spectra show that Se 4þ is the only oxidation state of Se detected in the as-prepared catalyst. However, there are two circumstances in which Se 0 is also observed. In the first of these, etching of the Se-TiO 2 by in situ by Ar ion bombardment in the XPS instrument led to new features in the XP spectrum that are consistent with elemental selenium (Se 0 ). Normally, this process is used to "clean" surfaces by removing the top layer(s) with at least some selectivity for removing lighter elements, in all likelihood oxygen in this case. This, presumably, drives the formation of Se 0 . A less likely explanation is that the surface layers are removed such that deeper in-bulk deposits of Se 0 that already exist are brought within the sensitivity of the instrument. We favor the former explanation, i.e., that the physical process of the etching causes reduction of near-surface Se that was in the Se 4þ state beforehand. The second instance in which Se 0 is observed is photolysis under anaerobic conditions, which is detailed below.
The Se-TiO 2 has a higher surface acidity (PZC = pH 3.5) than its nondoped analogue; the control value reported here of 4.5 for P25 is lower than in most reports (which tend to be closer to 6.5 48 ), but the trend is completely reproducible. The greater acidity of Se-TiO 2 is not surprising, as surface Se-OH bonds are possible and likely to act similarly to selenous or selenic acid. Such groups may affect specific binding as well as general acidity, though direct evidence for that is beyond the scope of this investigation. Either surface phenomenon could affect the observed chemistry, in addition to effects brought about by the presence of midgap orbitals in doped systems.
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Photocatalysis Results. Here, we emphasize a comparison to our recent work 29 using S-TiO 2 , because it greatly parallels the current investigation and because of the obvious relationship between S and Se.
UV Irradiation. Under UV light, Se-TiO 2 exhibited a very comparable, or slightly improved, rate of degradation of Q at both pH 3 and pH 6 under oxygenated conditions. Generally, increased rates can come from enhanced binding or an inherent increase in catalyst efficiency. Below, we note several observations that support a role for surface-based interactions being important in the modification of TiO 2 by Se. Regardless, an increase in UV-mediated photocatalytic efficiency upon doping is rare for main group-doped TiO 2 photocatalysts. For example, we previously reported that S-TiO 2 was less efficient than undoped TiO 2 in the UV-mediated degradation of quinoline. 29 Product analysis of quinoline degradations revealed that HO•-like chemistry was dominant at both pH 3 and pH 6 using Se-TiO 2 . This differed from both Pichat's report using P25 and our results using S-TiO 2 29 and TiO 2 made without dopant. Since the solutions are kept at constant pH, it is not due to the equilibrium between Q and QH þ in the bulk water. Quinoline has been shown to adsorb to TiO 2 weakly at pH 6, whereas QH þ at pH 3 binds only very poorly. 60 At pH 6, the Se-TiO 2 surface is marginally more negative than the control TiO 2 , but this should not affect the binding of Q significantly. Therefore, the higher degradation rate of Q by Se-TiO 2 could be due to an inherent increase in catalyst efficiency. The unique increase in HO•-like products seen at pH 6 could result from the presence of a second HO•-like pathway that is dependent on surface adsorption. Specifically, Pichat reports evidence that a "free HO•" pathway using P25 for surface-bound Q is not favored; however, the change in surface interactions Se-TiO 2 could favor an adsorbed species with HO•-like reactivity produced by "deeptrap" holes as described by Bahnemann. 59, 69 At pH 3, there is little difference in the rate of disappearance of QH þ when degraded by TiO 2 or Se-TiO 2 . (This is also consistent with a surface-dependent interaction causing the unique results at pH 6.) However, while the proportions of products do not vary all that much, only about half the total products are observed for the doped catalyst at fixed 20% conversion. This implies that those primary products are degraded somewhat more efficiently by Se-TiO 2 than by TiO 2 at pH 3. Given that the initial products almost certainly bind to the catalyst better than does QH þ , this is not surprising.
In contrast to quinoline, degradation of AN behaved almost identically with TiO 2 , S-TiO 2 , 29 and Se-TiO 2 . A lower degradation efficiency is noted for both doped catalysts, but product distributions were similar. 29, 45 These results further suggest that surface modification of the catalyst is an important feature of Se-TiO 2 compared to TiO 2 . Previous work shows that AN is a very poor binder, particularly at pH values higher than 7. This suggests that AN would be degraded by predominantly the "free HO•" pathway, and thus, the surface modification does not play as important a role. It is straightforward to speculate that the "free HO•" pathway is simply less efficient for both the sulfurand selenium-doped photocatalysts than it is for pristine TiO 2.
In practical applications, it is obviously advantageous if a catalyst can, at least for short periods of time, support photocatalytic activity under hypoxic conditions. The current data show that Se-TiO 2 is able to do this by acting as a reversible stoichiometric electron sink.
The reduction of Se cations by TiO 2 is well-precedented. Photodeposition of Se 0 onto Degussa P25 has been reported using a Se 4þ precursor. 18, 19 The Se 4þ /Se reduction is reported to occur at about 0.7 V vs SHE at pH near 7, about 1.2 V below the potential of the TiO 2 conduction band. As the proposed environment for reduction of Se 4þ is obviously not in fluid water solution, and solution-phase disproportionation or hydrolysis of Se species is not possible, these potentials are probably not directly comparable. Nonetheless, the photoreduction of Se 4þ to Se 0 in this environment seems quite plausible. Moreover, a series of publications by Amal and co-workers describes the reduction of Se 6þ ions in water to Se 0 and even Se 2-in detail. [70] [71] [72] [73] [74] When optimizing conditions for selenite removal, the addition of formate ions is used as a sacrificial electron source. The current case is complementary: it is the Se 4þ that is acting as the sacrificial electron sink for purposes of oxidizing the organic substrate. In Amal's work, it was also shown that adsorption of the formic acid was key to achieving high efficiency, and this is reflected in the current results as well.
The Se-TiO 2 mediated degradation of quinoline at pH 6 was the most successful of all hypoxic degradations; this can be attributed to a process that requires surface binding by the substrate and deposits an electron into the Se sites. The latter assertion is supported by the change in the XP spectrum brought about by the hypoxic photolysis conditions, in which signals for Se 0 grow. Figure 4 demonstrates that there is stoichiometric limit of available sites for reduction, also consistent with this interpretation. Once the finite number of Se IV trap sites are consumed, the slow reaction observed for all the other cases becomes operative. This slow reaction is most likely some sort of photooxidation using residual O 2 or photohydration pathway that is usually too slow to compete with SET or HO•-like chemistry. Also, the lack of 2AB as a product in these experiments is consistent with the lack of O 2 , since that secondary degradation product requires an equivalent of O 2 in its formation.
Visible Irradiation. Under visible irradiation, degradation of Q was only observed at pH 6. No degradation was detected at pH 3. This pair of results is essentially identical to that previously reported for S-TiO 2 . 29 Product analysis of Se-TiO 2 -mediated degradation of Q at pH 6 shows that the SET products are formed, but the hydroxyl-like chemistry leading to 5HQ and 8HQ is nearly eliminated. This indicates that either HO•-like species (or "deep traps") were not sufficiently generated under visible irradiation or the resulting products are consumed more rapidly than they are formed. We conclude that HO•-like chemistry is suppressed by comparing these to the results obtained under UV irradiation where the HO•-type products were easily observed.
Although quinolinium at pH 3 is more likely to interact with the surface of Se-TiO 2 than less acidic undoped TiO 2 , SET was not successful at pH 3, perhaps as a result of the heightened ionization potential of quinolinium.
Se-TiO 2 was also able to degrade AN under visible light. (S-TiO 2 could not accomplish this. 29 ) Only SET products were observable, providing further support for the conclusions drawn for the Q reactions. This demonstrates that Se-TiO 2 has a higher oxidizing power than the S-TiO 2 we have obtained, but is still unable to initiate HO•-like chemistry under visible light.
Conclusions
Se-TiO 2 was shown to be an improved visible light-active photocatalyst over undoped TiO. Degradation rates of quinoline were comparable to those for undoped TiO 2 under UV light. Surface interactions appeared to play a very significant role in the degradation. It is likely that higher concentrations of HO•-like species were generated, but are only useful if the molecule is bound to or in close proximity to the surface. Although visible light absorption is only moderately extended, the photogenerated hole induced by >435 nm light is strong enough to oxidize ordinary organic molecules by SET-initiated chemistry. No strong evidence for HO•-like pathways is observed when purely visible light is used. It was also shown that selenium atoms act as traps for photogenerated electrons, and in turn are reduced to Se 0 .
